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Time-of-flight massspectrometry, most notably matrix-assistedlaser-desorption-ionization time-

of-flight (MALDI-T OF) spectrometry,1 are important techniquesin the study of proteinsand other

biomolecules.2 While thesetechniquesprovide excellentperformancefor massesup to about20 kDa,

therehasbeenlimited successin achieving good massresolutionat higher masses.The sensitivity

of conventionallyusedmicrochannelplate(MCP) detectorsdecreasesrapidly with increasingparticle

mass,limiting theutility of MCP detectorsfor very largemasses.It hasbeenproposedthatcryogenic

particledetectorsmayprovide a solutionto thesedifficulties.3 Unlike MCP detectors,which measure

themultipliedion currentinitiatedby asecondaryelectronor ion, cryogenicdetectorsmeasurethether-

mal energy depositedby theparticleimpact,andthushave a sensitivity that is largely independentof

particlemass.Recentexperiments4–6 have demonstratedthesensitivity of cryogenicparticledetectors

to singlebiomolecules,aquantumefficiency severalordersof magnitudelargerthantheMCPdetectors,

andsensitivity to massesaslargeas750kDa. In thispaperwepresentresultsdemonstratinganorderof

magnitudebetterenergy resolutionthanpreviousmeasurements,allowing directdeterminationof par-

ticle charge stateduringacceleration.7 We alsopresentcalibratedmeasurementsof ion impactenergy

andmeasurementsdemonstratingparticleenergy lossdueto gas-phasecollisionsin thespectrometer.

In thepastseveralyears,significantprogresshasbeenmadein developinghigh-performancecryo-

genic detectorsfor applicationssuchas infrared bolometryand x-ray, visible, and ultraviolet spec-

�
Contribution of the U.S. Government, not subject to copyright.

1



troscopy. Thesedetectorsfall into two classes:non-equilibriumdevicessuchassuperconductingtunnel

junctions(STJs),8,9 andequilibriumdevicessuchasmicrocalorimeters.10–13 Thepreviousexperiments

with cryogenicparticle detectorsfor massspectrometryusedSTJs,4,5 which fail to recordthe total

impactenergy becausethey areinsensitive to thefractionof impactenergy depositedasphononswith

energy lessthanthesuperconductinggap.In thisexperimentweusedanormal-insulator-superconductor

(NIS) microcalorimeterfabricatedon a thin Si� N � membranewhich detectsall of the thermalenergy

depositedby aparticleimpact.Althoughthespeedandenergy resolutionperformanceof ourdetectoris

sufficient for this preliminaryexperiment,experiencewith otherapplicationsindicatethatsignificantly

betterperformanceis possiblein thefuture. It is importantto notethat thecollectionareaof thecryo-

genicdetectorsstudiedis morethan �	� � timessmallerthat typical MCP detectors.While this sizecan

beimprovedin thefuture,theoverall sensitivity (theproductof quantumefficiency andcollectionarea)

of this detectoris significantlylessthanMCPdetectorsexceptat extremelylargemasses.6

Our detector, similar to that describedelsewhere,12 is shown in crosssectionin figure 1a, along

with theexternalcircuit usedto biasandreadout thedetector. Thedetectorcurrentis measuredusing

a high-speedlow-noiseseries-arraysuperconductingquantuminterferencedevice (SQUID) amplifier.

14 The detectoris cooledto its operatingtemperatureof 100 mK usinga liquid helium cryostatwith

an adiabaticdemagnetizationrefrigerator. The cryostatis coupledto a MALDI-T OF spectrometeras

shown in figure1b.

Thedetectorenergy scalewascalibratedusingx-raysfrom a 
�
 Feradioactive sourcemountedin the

detectorline of sight.Theenergy resolutionof detectorwasmeasuredfor x-raysusingseveralthousand

digitizedwaveforms.Theenergy of eacheventwasdeterminedusingWeineroptimalfiltering, andthe

resolutionwasdeterminedby fitting theresultingenergy histogramto a normaldistribution. For x-rays

weobtainedanenergy resolutionof 92eV full width athalf maximum(FWHM). In figure2aweshow a

digitizeddetectorwaveformobtainedfrom onelaserstrike onaproteintargetof bovine serumalbumin

(BSA, mass= 66430Da).
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In figure 2b we show a scatterplot of impactenergiesvs. arrival timesfor a sampleof BSA in a

sinapinicacid matrix (mass= 224 Da). The plot demonstratesa clearenergy banding,causedby the

discreteionizationstatesof the particles. The utility of impactenergy resolutionis clearly shown by

examiningtwo groupingsof points,oneat( ��
 =146 � s, ��
 =10keV),andtheotherat ( ��� =103 � s, ��� =20

keV).Calculatingthemasscorrespondingto ��
 using ������������� �! �"$#%� where# is thelengthof theflight

tubeandtaking �&�(' , we find that �)
 =66.6kDa. If we similarly calculatethemasscorrespondingto

� � with � =2' , we find � � =66.4kDa. Thuswe associatethefirst groupingwith BSA* andthesecond

groupingwith BSA� * . Additional groupingsin figure2b includesinapinicacid( � =224Da, � =10 � s)

andanunidentifiedfragmentwith �,+ 14 kDa ( � =67 � s). Thereis alsoa smallgroupingat thesame

time-of-flightastheBSA* groupwith twice theenergy of theBSA* group.Thisgroupis dueto either

doublychargedBSA dimersor thesimultaneousarrival of two singlychargedBSA monomers.

A surprisingfeatureof figure 2b is that the thermalenergy �.- depositedin the microcalorimeter

by a particleimpactis roughlyhalf of theparticle’s kinetic energy �/� . This differenceimplies thata

significantfraction of the particle’s kinetic energy is not convertedto thermalenergy in the detector.

Thusimpactcannotbemodeledasa rigid moleculestrikingandstickingto thedetector. Processesthat

might accountfor themissingenergy includefragmentationof theimpactingmoleculeandejectionof

molecularfragments.

To further investigatethedependenceof impactenergy on moleculetype,we show in figure3 the

ratio of depositedto kinetic energy vs. kinetic energy for threedifferentmolecules. At low kinetic

energies,we seeindicationsof an increasein fractionalenergy deposition,asmight beexpectedsince

thereis lessenergy availableto deformthe ion. Presumably��- " ��� approaches1 at very low kinetic

energies.At largekineticenergies,theproteinsdepositabouthalf of theirkineticenergy in thedetector,

while themuchlightersinapinicaciddepositsnearlythree-quartersof its kineticenergy. Becausethere

aremany morebondsin thelargermolecules,it is not surprisingthatmoreof thekineticenergy is lost

in impactejectionor fragmentation.While we do not fully understandthe origin of the asymptotic
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50%impactenergy observedat high kinetic energiesfor lysozymeandBSA, preliminaryexperiments

with immunoglobulin G (IgG, 155kDa) show that this sameasymptoticlimit holdsfor largermasses.

Becausethetotal bondenergy of sinapicacidis lessthattheimpactenergy deficit,we believe thatthis

is evidencethatejectionis thedominantenergy lossmechanism.In theonly previousmeasurementof

fractionalenergy depositionusingSTJs,5 themeasuredimpactenergy wasroughly20%of thekinetic

energy. Thelower valueof �.- " �/� obtainedwith theSTJdetectorsis not surprising,giventhephonon

lossmechanismspreviously discussed.

Histogramsof arrival timesfor BSA areplottedin figure4ausingall particleimpacts,andin figure

4busingonly thoseeventswith impactenergiesbetween5 and15keV. In theselective plot of 4b,both

thebackgroundandtheBSA� * peakhavebeengreatlyreduced.Similarhistogramswereusedto deter-

minethemassandenergy resolutionof themassspectrometer. For theBSA monomerpeak,we obtain

a timing resolutionof 1.3 � s (FWHM), implying a massresolution 0 "21 0 of 56, similar to results

obtainedelsewhere.15 An energy resolutionof 1.7 keV (FWHM) wasobtained,which is significantly

worsethanboththe92eV (FWHM) resolutionobtainedwith x-raysandthekineticenergy uncertainty

implied by the time-of-flight uncertainty, inferring that the energy lost to ejectionandfragmentation

duringimpactmustbevariable.

Measurementof impactenergy with themicrocalorimeterallowsusto exploreof theeffectof back-

groundgaspressurein thespectrometer. As backgroundpressureincreases,gas-phasecollisionsin both

theaccelerationandfree-flightregionsincrease,decreasingthequalityof thespectra.Theeffectof pres-

sureis clearlydemonstratedin figure5a,which shows scatter-plot spectrafor lysozyme(mass= 14300

Da) takenat 4 3 104 
 Pa (3 3 10465 Torr) and8 3 104 � Pa (6 3 10487 Torr). At high pressure,we observe

a significantincreasein thenumberof low energy (lessthan5 keV) particlesarriving at thepredicted

time-of-flight for lysozyme.We attributethis effect to fragmentationof thelysozymeionsdueto colli-

sionswith backgroundgasin thefree-flightregionof thespectrometer. Fragmentsproducedduringfree

flight carry lesskinetic energy, but travel at velocitiesnearlyequalto thatof theoriginal moleculeand
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arrive at theexpectedtime for lysozyme.On theotherhand,fragmentationduringaccelerationwould

affectthevelocityandcannotexplaintheseevents.In figure5bweshow theeffectonthisfragmentation

on impactenergy. Herewe plot a histogramof impactenergiesfor thoseparticlearriving with nearthe

predictedtime-of-flight for lysozyme.Thehistogramsshow thatat low pressuretherearemany more

low energy eventswhich arecausedby small fragments,anda broadeningof theprimary11 keV peak

by a low energy tail which is causedby largerfragments.

Insight into the effect of gasphasecollisionscanbe gainedby estimatingthe crosssectionsand

meanfreepathsof theproteins.Fromx-ray structuredatafor lysozyme,16 we estimatethemolecular

crosssectionfor gas-phasescatteringto be 15 nm� . With this crosssection,the meanfree path for

lysozymeat a nitrogengaspressureof 4 3 104 
 Pa is roughly6 m, while at 8 3 104 � Pa themeanfree

pathis 0.3m. Thusatthehigherpressureconsideredin figure5 lysozymewill typicallyundergo3-4col-

lisionsin traversingtheflight tube.Assuminghard-sphereelasticcollisionsbetweena20keV lysozyme

ion andan ambient-temperaturenitrogenmolecule,the maximumenergy transferredper collision is

160eV. This energy is morethansufficient to breakbondsin lysozyme,supportingour conclusionthat

fragmentationoccursduringflight. Theseresultsaresimilar to thosereportedelsewhere17 wherefrag-

mentationcausedin the free flight region wasmeasuredby subsequentdecelerationof ions,allowing

measurementof the relative concentrationof neutralfragmentsrelative to unfragmentedions to yield

thefragmentationcrosssection.For a proteinsimilar to lysozyme(cytochromec) they measureacross

sectionof 14.1nm� consistentwith our results.

A similar calculationof the crosssectionfor BSA shows that gasphasecollisionscannotexplain

themassresolutionobtainedwith our spectrometer. Usingx-ray data18 we estimatethecrosssection

of BSA to be30 nm� , giving a meanfreepathof 3 metersat thenormaloperatingpressure.Assuming

that themaximumenergy transferredpergascollision is 80 eV, andthateachmoleculeundergoeson

averagelessthanonecollision, theworstcaseestimatefor massresolution0 "21 0 is 250,which is s

betterthantheobservedvalueof 56. In thepresentexperiments,wheremassresolutionis not limited by
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gascollisionsor detectorresponsetime,weconcludethatthegreatestcontributionsto massuncertainty

ariseduringlaunchandacceleration.
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Figure Captions

Figure1. (a) A crosssectionof theNIS microcalorimeter. An acceleratedmoleculeflies througha 200

� m diameter0.1 K apertureandstrikes the absorber(a 100 nm thick Ag film measuring200 � m by

200 � m depositedona 0.5 � m thick Si� N � membrane),raisingtheabsorbertemperature.This temper-

atureriseis detectedasa currentpulseproducedby a voltagebiasedNIS junction,which consistsof a

thinly oxidizedAl electrodein contactwith theabsorber. Thejunctioncurrentis measuredby aSQUID

preamplifier. Contactsto thedetectorareprovidedby superconductingAl leadswhich carryelectrical

currentbut donotconductheat.(b) Schematicview of ourMALDI-T OFspectrometerindicatingdetec-

tor placementandinfraredshielding.Theinfraredshieldingconsistsof a1 mmdiameteraperturecooled

to 4 K andplaced10 cm away from thedetector. Ionsarecreatedwhenlaserlight pulses(337nm, 3

ns,maximumpower100 � J)strike theprobeplate.Ionsareacceleratedby anelectricfield betweenthe

probeplateandthegroundedfine-meshacceleratinggrid. Vacuumin thespectrometeris providedby a

110L/s turbomolecularpump,attaininga basepressurein the100mm diameterflight tubeof 2 3 104 

Pa (1.53 10465 Torr). Two proteinswerestudied,lysozyme(mass= 14300Da) andbovine serumalbu-

min (BSA, mass= 66430Da). In bothcasesproteinssolutionswerepreparedby combining1 mg of

proteinwith 1 mL of a0.1%trifluoroaceticacidH � O solution.Thematrixsolutionconsistedof 100mg

sinapinicacid (mass= 224 Da) dissolved in 6 ml of ethanoland4 ml H � O. Probeswerepreparedby

mixing 40 � L eachof theprobeandmatrix solutionsandallowing themixtureto air dry on theprobe

plate.

Figure2.(a)An exampletime tracefor onelasereventwith threedetectorpulses.Thefirst pulseis due

to reflectedlaserlight striking the detector, the remainingpulsesaredueto ions andareidentifiedas

BSA� * andBSA* . (b) A scatterplot of detectorenergy vs. ion time-of-flight for BSA with anacceler-

ationvoltageof 20 kV. Clearenergy bandingis shown for ionsof differentcharge. Theratio of energy

depositedin thedetectorto ion kinetic energy ( �.- " �/� ) is 0.59for BSA* and0.74for singly charged

sinapinicacid. This scatterplot wasgeneratedby extractingtime andenergy informationfrom time
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tracesfor severalthousandlaserevents.For eachlaserpulseweacquiredatimetraceconsistingof 4096

samplesof theSQUID preamplifieroutputateither50or 100nsintervalsusinga20MHz 12-bitanalog-

to-digital converter. Particle impacttimesweredeterminedby anedgedetectionalgorithmappliedto

thetime tracesandparticleimpactenergieswereextractedby comparingtheimpactwaveformswith a

calibratedwaveformderived from x-ray events. Thesignalrise time (1.2 � s) allowedus to determine

thetimeof impactwithin roughly200ns.Potentialdifficultiesof pulsepile-updueto theslow detector

fall time (17 � s) aremitigatedby thedetectorlinearity, the12 bit digitization,andthesmallnumberof

particlestrikesperlaunchevent.

Figure3. A plot of theratioof impactenergy to kineticenergy vs. kineticenergy for eachion type.The

ratio is determinedby dividing thecentroidof the impactenergy distribution for an identifiedparticle

groupingby the kinetic energy of that grouping. For the heavier ions (lysozyme,BSA) this fraction

approaches0.54for largeaccelerationpotentials,while for thelighterion (sinapinicacid)theasymptote

is 0.72.

Figure4. Time-of-flightspectrumfor BSA with anaccelerationvoltageof 20kV. Theupperplot shows

thefull histogramwith all acquiredpoints.Thelower plot containsonly thosepointswhosedeposited

energy is between5 and15kV. Thepeakdueto doublyionizedBSA,aswell asmuchof thebackground,

is removedby thisselection.

Figure5. (a) Scatterplots for lysozyme(mass= 14300Da) taken at two differentpressures.At the

higherpressure,many moreionswith low impactenergy areobserved. This effect is dueto gasphase

scatteringandfragmentationin theflight tube.Themeanfreepathfor lysozymecollisionwith ambient

gasmoleculesis 1/3of theflight tubelengthin thehighpressurecaseand6 timestheflight tubelength

in the low pressurecase.(b) Histogramof impactenergiesfor theexpectedarrival time of lysozyme*
(68 � s 9 t 9 70 � s ). Thedataat higherpressureshow botha low energy peakandanenhancedlow

energy tail of the 11 keV peak. Thesefeaturesaredueto small andlarge fragmentsof the lysozyme
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causedby gas-phasefragmentationin thefree-flightregion.
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